Halogen (Cl, Br, and I) chemistry has been reported to influence the formation of secondary air 15 pollutants. Previous studies mostly focused on the impact of chlorine species on air quality over large spatial scales. Very little attention has been paid to the effect of the combined halogen chemistry on air quality over Europe and its implications for control policy. In the present study, we utilize a widely-used regional model, the Community Multiscale Air Quality Modeling System (CMAQ), incorporated with the latest halogen sources and chemistry, to simulate the 20 abundance of halogen species over Europe and to examine the role of halogens in the formation of secondary air pollution. The results suggest that the CMAQ model is able to reproduce the level of O3, NO2, and halogen species over Europe. Chlorine chemistry slightly increases the levels of OH, HO2, NO3, O3, and NO2 and substantially enhances the level of Cl radical.
pollutants. Previous studies mostly focused on the impact of chlorine species on air quality over large spatial scales. Very little attention has been paid to the effect of the combined halogen chemistry on air quality over Europe and its implications for control policy. In the present study, we utilize a widely-used regional model, the Community Multiscale Air Quality Modeling System (CMAQ), incorporated with the latest halogen sources and chemistry, to simulate the 20 abundance of halogen species over Europe and to examine the role of halogens in the formation of secondary air pollution. The results suggest that the CMAQ model is able to reproduce the level of O3, NO2, and halogen species over Europe. Chlorine chemistry slightly increases the levels of OH, HO2, NO3, O3, and NO2 and substantially enhances the level of Cl radical.
Combined halogen chemistry reduces the HO2/OH ratio by decreasing the level of HO2 and 25 increasing OH, significantly reduces the concentrations of NO3 and O3, and decreases NO2 in the highly polluted regions and increases NO2 in other areas. The maximum effects of halogen chemistry occur over oceanic and coastal regions, but some noticeable impacts also occur over continental Europe. Halogen chemistry affects the number of days exceeding the European Union target threshold for the protection of human being and vegetation from ambient O3. In 30 light of the significant impact of halogen chemistry on air quality, we recommend that halogen chemistry be considered for inclusion in air quality policy assessments, particularly in coastal cities.
Introduction
Halogen (Cl, Br, and I) species and related processes have been known to deplete stratospheric 35 ozone (O3) for several decades (Molina and Rowland, 1974; Farman et al., 1985) . In the troposphere, it has only been recognized recently that halogen species affect the concentration of air pollutants, e.g., directly destroying O3 (R1), influencing the NO/NO2 ratio (R2) and the HO2/OH ratio (R3 and R4) (Saiz-Lopez and von Glasow, 2012; Simpson et al., 2015) . The budgets of NOx (NO+NO2) and HOx (OH+HO2) also affect the formation of O3 (e.g., Sillman, 40 1999; Li et al., 2018) . HOX + hν → OH + X (R4) 45 Chlorine radical (Cl) initiates the oxidation of hydrocarbons (methane, CH4, and non-methane volatile organic compounds, NMVOC, R5) in a similar way to OH radical, reducing the lifetime of CH4 and NMVOC and leading to the formation of O3 in the presence of NOx (Thornton et al., 2010) .
RH + Cl → HCl + RO2 (R5) 50 The combined effect of halogen chemistry on air quality, therefore, is complicated and depends heavily on local conditions, e.g., atmospheric compositions, oxidative capacity, etc. (Sherwen et al., 2016; Muñiz-Unamunzaga et al., 2018) . Evaluation of the complex role of halogen chemistry in air quality requires the employment of advanced, high-resolution chemical transport models.
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A number of modeling studies have been conducted to investigate the impact of individual halogen species on air quality. The chemistry of chlorine, mainly that of ClNO2, has been reported to increase the oxidation capacity and the formation of O3 in recent studies (Sarwar et al., 2012 (Sarwar et al., , 2014 Li et al., 2016) . Bromine and iodine (Br and I) chemistry are reported to decrease the concentration of O3 over the oceanic and terrestrial regions  60 Saiz-Lopez et al., 2014) . Mathur et al., 2017) to explore the effect of bromine and iodine chemistry on tropospheric O3 over the Northern Hemisphere. Gantt et al. (2017) then utilized the CMAQ model to explore the role of halogen chemistry at a regional scale over the continental United States (US). While these studies focused on the hemispheric impact or over the continental US, Muñiz-Unamunzaga et al. (2018) applied the full-halogen chemistry version of CMAQ to examine the effect of the 70 halogen sources on air quality at a city scale (4 km resolution) in Los Angeles, California, US.
The regulation of air quality and the control of air pollutants emission in Europe started in the early 1970s and over forty years of effort has successfully improved air quality throughout Europe (http://ec.europa.eu/environment/air/index_en.htm). Nonetheless, poor air quality persist in major cities like Madrid, Paris, and London (EEA, 2018a). To our best knowledge, the only 75 modeling study including halogen chemistry in Europe was conducted by Sherwen et al. (2017) who used a global model, GEOS-Chem, in a regional configuration (with a grid size of 0.25°× 0.315°,~25km) to examine the effect of halogens on air quality. Considering that the grid size has a noticeable impact on air quality model predictions (Gantt et al., 2017; Sherwen et al., 2017) , it is important to conduct high-resolution simulations using regional models to examine 80 the overall effect of halogen species on air pollution over Europe and to assess potential air quality policy implications.
In this study, we use a state-of-the-art regional chemical transport model (CMAQ) with 12 km horizontal resolution, instrumented with comprehensive halogen sources and chemistry (Sarwar et al., 2015) , to simulate the levels of halogen species over Europe, examine the effect on the 85 oxidation capacity and the concentration of air pollutants, and explore the potential implications for air quality policy related to NO2 and O3. 
Method and Materials

Data
The meteorological inputs for the CMAQ model were obtained from the Weather Research and 90 Forecasting model (WRF 3.7.1) (Skamarock and Klemp, 2008; Borge et al., 2008a included in our emission inventory. The temporal profiles and vertical distribution needed to resolve the emissions were those used in the EuroDelta experiment (van Loon et al., 2007) .
Biogenic emissions were estimated using the Model of Emissions of Gases and Aerosols from Nature (MEGANv2.10) (Guenther et al., 2012 
Modeling system
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The CMAQ model is widely used and includes comprehensive representations of many essential atmospheric processes. The skill of the model in reproducing observed air quality has been demonstrated in many previous studies (Foley et al., 2010; Appel et al., 2013 Appel et al., , 2017 Mathur et al., 2017) , including applications over Europe (Borge et al., 2008a; Appel et al., 2012; Solazzo et al., 2017 the Carbon Bond chemical mechanism with halogen chemistry was used in this study (Appel et al., 2017) . The chlorine chemistry includes 26 gas-phase chemical reactions (Sarwar et al., 2012) .
In addition, the heterogeneous hydrolysis of dinitrogen pentoxide (N2O5) can produce nitryl chloride (ClNO2) and nitric acid (HNO3) in the presence of particulate chloride. In the absence of particulate chloride, heterogeneous hydrolysis of N2O5 produces only HNO3. The bromine 125 chemistry contains 39 gas-phase chemical reactions and one heterogeneous reaction while the iodine chemistry contains 53 gas-phase chemical reactions (Sarwar et al., 2015) . 
Simulation setup
A detailed description of physics and other model options can be found in (de la Paz et al., 2016) 130 (Table S1 ). The CMAQ modeling domain covers the entirety of Europe ( diffusion processes, and the multiscale method to describe horizontal diffusion processes. Gasphase chemistry, aqueous chemistry, aerosol processes, and dry and wet deposition were also included. The Rosenbrock solver was used for gas-phase chemistry.
The study was completed for the month of July 2016 with a spin-up period of 7 days. We performed three simulations to isolate the effect of halogen chemistry on air quality (in brackets 140 the name of the scenario used hereafter):
(1) Base model without halogen chemistry (BASE), hemispheric CMAQ simulation using the Carbon Bond chemical mechanism and the chlorine chemistry were used to generate boundary conditions for the BASE and CHL simulations, while results from the hemispheric CMAQ simulation using the Carbon Bond chemical mechanism and the full-halogen chemistry were used to generate boundary conditions for the HAL simulation.
160 Therefore, the difference between CHL and BASE simulations represents the impact of the chlorine chemistry on air quality and the difference between HAL and BASE simulations represents the effect of halogen chemistry on air quality.
Results and Discussions
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Evaluation of model performance
The performance of the CMAQ model in simulating air quality over Europe is evaluated using observation data collected from 465 measurement stations. We separate the stations into coastal (within 24 km from the coast) and continental stations ( Fig. 1) . Table 1 presents the statistics of the model performance for O3 and NO2 for BASE and HAL simulations.
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The BASE and HAL simulations generally reproduce the concentration levels and the temporal variations of O3 and NO2 both at coastal and continental stations. The correlation coefficients between simulations and observations (Fig S1 in supplement) show that CMAQ satisfactorily reproduces the variation of O3 and NO2 over most of Europe especially the coastal regions (> 0.7 for O3 and > 0.5 for NO2). The BASE simulation over-predicts O3 while the HAL simulation 175 under-predicts O3 compared to observations both at coastal and continental stations ( Table 1) .
The BASE simulation under-predicts NO2 compared to observations both at coastal and continental stations (Table 1) . Such an under-estimation of NO2 can occur for many reasons including (1) positive artifacts of NO2 monitors, (2) 
Simulated halogen species
Average surface concentrations of the inorganic halogen species predicted in the HAL simulation over the ocean are summarized in Numerous ClNO2 measurements have been reported around the globe which show that ClNO2 is ubiquitous in the boundary layer with maximum values ranging from hundreds to thousands pptv in polluted coastal (Osthoff et al., 2008; Wang et al., 2016) while GEOS-Chem predicted 1.8 pptv (Sherwen et al., 2017) . The maximum values of OH, HO2, and Cl were predicted during the daytime but they peak at different hours with Cl in the early morning and OH and HO2 later in the day, while the highest levels of NO3 radical were simulated during night-time. The monthly average of daily-maximums of OH, HO2, NO3, and Cl ( Fig. 5 and Fig. 6 ) have similar spatial pattern and higher concentrations (or changes of concentration) compared to those of the monthly averages ( Fig. 3 and Fig. 4) . The monthly average of daily-maximum OH (HO2 and NO3) radical is about 4 (3 and 3) times of the monthly average OH (HO2 and NO3) concentration in the BASE simulations, while both the monthly average of daily-maximum and The monthly average modeled NO2 and O3, two major gaseous air pollutants in Europe, and the effect of chlorine and halogen chemistry on the two regulated gaseous species were shown in (by up to 0.10 ppbv) in the majority of the domain since (1) the production and the subsequent photolysis of ClNO2 recycles the NOx extending its lifetime, which increases both NO2 and NO ( Fig. 7 and S2 ) and (2) the increased O3 level (Fig. 7) enhances the transformation of NO to NO2, which increases NO2 and decreases NO ( Fig. 7 and S2 ). Some grid cells show a decrease of NO2 in the coastal regions due to the full-halogen chemistry. Sarwar et al. (2015) suggested that the inclusion of halogen processes, which is the same as that in the present study, reduced O3
concentrations by 2.0-4.0 ppbv over most of the terrestrial regions in the North Hemisphere, and over 6.0 ppbv in some coastal areas. Sherwen et al. (2017) used a revised version of GEOSChem (Sherwen et al., 2016) Europe with an average reduction of -13.5 ppbv in the domain and a maximum of -28.9 ppbv in some locations.
Implications for policy assessment
The current air quality management in Europe has two main objectives: (1) to protect human health and (2) •h accumulated over April to September) was exceeded in 60% of the total forest area of the continent in 2016 (EEA, 2018a). We find that halogen chemistry strongly affects ambient O3 concentration and may need to be considered in the formulation of plans and strategies for O3 non-attainment areas. We see differences between BASE and HAL simulations (over land in July 2016) as high as 12% and 36% for the number of days with daily maximum 8 h O3 over 120 µg•m -3 and the AOT40 420 respectively ( Fig. S3 and Fig. S4 ). Furthermore, we notice strong regional differences, mainly between coastal and inland areas. The considerable effect of halogen chemistry on air quality implies the need to improve the robustness and accuracy of modeling tools to design customized policies to control O3.
In Section 3.3 and 3.4, we have also discussed the effect of halogen chemistry on the 425 partitioning of OH/HO2 and NO/NO2. The budgets of HOx and NOx are key parameters to accurately simulate the formation of O3 and its response to the reductions of the precursors, namely NOx and VOCs (e.g., Li et al., 2018) . Air quality models are predominantly used to formulate air pollution control policy by examining the responses of O3 levels to various This study also demonstrates that chlorine chemistry enhances the formation of O3. The current policy is only designed to control the long-lived chlorinated species (Hossaini et al., 2015) , but not the reactive chlorine species, e.g., HCl, chloride, and short-lived chlorocarbons, from the 435 coal burning, biomass burning, and industrial activities. The coal-fired power plants in EU (EEA, 2018b; Kuklinska et al., 2015) can potentially provide chlorine sources, making the implications of halogen chemistry even more relevant.
Conclusion
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We applied the CMAQ model with comprehensive halogen chemistry (Cl, Br and I) to conduct high-resolution simulations for examining the impact of halogen chemistry on air quality over pollutants over Europe and can be employed to study the impact of halogen chemistry in Europe.
The comparison of predicted halogen species concentrations with measurements suggests that CMAQ model is able to predict observed levels of chlorine and iodine species although it underestimates bromine species.
The chlorine chemistry enhances the atmospheric oxidation capacity by significantly increasing 450 the level of Cl radical and increases the levels of OH, HO2, NO3, O3, and NO2. The combined halogen chemistry marginally increases the level of OH and reduces HO2, NO3, and O3. The impact of halogen chemistry on ambient concentration of NO2 is smaller but non-negligible.
Halogen chemistry significantly influences the atmospheric oxidation capacity throughout the day by imposing the highest effect on Cl in the early morning, maximum effects on OH and HO2 in daytime, and largest effect on NO3 at night. Halogen chemistry can have a strong influence on atmospheric composition over oceanic and coastal regions but also some noticeable impacts over continental Europe. This study highlights the potential benefit of incorporating halogen chemistry into air quality models for policy development.
Although the incorporation of the halogen chemistry may improve the capabilities of 3D
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Eulerian chemical transport models, we acknowledge that large uncertainties still exist in the assessment of halogen chemistry impact due to emission inventories, model configuration (e.g., grid size), chemical mechanism, etc. Further field, laboratory, and theoretical studies are needed to constraint modeling studies for evaluating the impacts of halogen chemistry on air quality and for assessing air quality policy implications.
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